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Abstract: Despite recent advances, the origin and utility of consciousness remains under debate.
Using an evolutionary perspective on the origin of consciousness, this review elaborates on the
promising theoretical background suggested in the temporospatial theory of consciousness, which
outlines world-brain alignment as a critical predisposition for controlling behavior and adaptation.
Such a system can be evolutionarily effective only if it can provide instant cohesion between the
subsystems, which is possible only if it performs an intrinsic activity modified in light of the incoming
stimulation. One can assume that the world-brain interaction results in a particular interference pat-
tern predetermined by connectome complexity. This is what organisms experience as their exclusive
subjective state, allowing the anticipation of regularities in the environment. Thus, an anticipative
system can emerge only in a regular environment, which guides natural selection by reinforcing
corresponding reactions and decreasing the system entropy. Subsequent evolution requires com-
plicated, layered structures and can be traced from simple organisms to human consciousness and
society. This allows us to consider the mode of entropy as a subject of natural evolution rather than
an individual entity.
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1. Introduction

The question of whether organisms experience subjective states evokes extensive
theorizing in contemporary science because of predicaments in ethics and technology [1–4].
A broad spectrum of answers exists, varying from claiming the principal difference from
the physical realities to illusiveness [5–8]. Many recent advances in studying the behavior
of organisms have revealed the vital role of experience in their life and evolutionary
history, as well as its evident interrelation with processes in the body [9–11]. However,
in trying to explain why particular changes were preserved by natural selection, it is
easy to fall into idealistic speculation and assume a pre-existed design. At the same
time, considering evolution as a blind shuffling of possible mutations is a tremendous
simplification, outdated long ago [12,13]. Thus, scientific theory should reveal how and
why the stochastic changes allowed by the intrinsic regularities of the system provide
adaptive advantages and constitute a species [8,14].

Per tradition, the question of the interrelation between matter and consciousness
belongs to the sphere of philosophy. This attitude differs from praising it as a foundation
of knowledge to rejecting it as logical nonsense [1,15]. With no pretensions to solve
this millennial mystery, this study aimed to review some recent advances in theories
of consciousness and the evolutionary history of humans [16–19]. The concept of entropy
as a constant tendency to equalize the possibilities of future states is used to synthesize
recent advances in anthropology, neuroscience, and other disciplines [20–24]. From the
epistemological perspective, one can define entropy as a measure of the uncertainty in
light of our ability to predict the future of the system, which provides a link to the “point
of view” concept, comprehensively described in [25]. The temporospatial theory, which

Entropy 2023, 25, 418. https://doi.org/10.3390/e25030418 https://www.mdpi.com/journal/entropy

https://doi.org/10.3390/e25030418
https://doi.org/10.3390/e25030418
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/entropy
https://www.mdpi.com
https://orcid.org/0000-0002-2035-7483
https://doi.org/10.3390/e25030418
https://www.mdpi.com/journal/entropy
https://www.mdpi.com/article/10.3390/e25030418?type=check_update&version=2


Entropy 2023, 25, 418 2 of 18

considers world-brain alignment as a critical predisposition to conscious activity, is used
as a framework to discuss how physical systems may have subjective experience [26–32].
It states that the focal point must be on discerning how the world guides evolution and
functioning of the neural system. A recent study argues that such a world-based ontology
of self can unravel its prephenomenal features [33]. Therefore, this approach argues for
the materialistic understanding of consciousness along with emphasizing the subjective
activity. This provides a scientific foundation to rationally explain moral norms, creativity,
and free will. In this paper, I suggest that the regular environment can reduce the system’s
entropy and guide the system’s evolution from the basic level of orderliness to obtaining
the ability for conscious actions and the creative transformation of the living world.

2. Methods of Studying Consciousness in Contemporary Science

Studying the neural system can best represent the integration of body functions and
guiding behavior because of its plasticity and the possibility to have reports about the
subjective states in humans. However, there is an ambiguous situation in contemporary
consciousness studies that still lacks a comprehensive theoretical outline and research strat-
egy [1]. It is possible to highlight an opposition between understanding neural processes
as computations between separated physical entities (neurons or their networks) and more
general computations occurring within neural spaces [34]. Meanwhile, explanations of
subjective experience are usually represented by a set of theories that use different concep-
tual frameworks [31,35–40]. However, many of these studies have paid little attention to
understanding the neural structure in the context of naturalistic behavior and the evolution
of species [11]. Such simplification is predetermined by examining the neural system
using an analog with a computer, whose function can be analyzed as stimulus-evoked
activity in isolation from its evolutionary and life histories [32]. In turn, this view is pos-
sible because all modern computers are artifacts, in which external sources, rather than
self-organization, predetermine formation, sustainability, and linear development [2,3].
This impels understanding neural systems in a mechanistic paradigm, where behavior
results from the computations performed by the subsystems. However, the prior task
of an organism’s neural system is to control behavior and increase chances for survival;
thus, it cannot be excluded from examining how these behaviors are experienced [10,39].
Simultaneously, natural behavior and evolution of species cannot be excluded from the
process of aligning with the rhythms of the environment and the linear development of
systems [41,42]. According to this task, the material represented in this research is chosen
to constitute a comprehensive outlook on the connections between subjective reality, con-
sciousness, and evolution of the species rather than to present a review of existing theories
of consciousness.

2.1. Global Connectivity, Integration of a System, and Cognitive Abilities

Among the explanations of consciousness, the global workspace theory is possibly the
most integrated with studies in other disciplines and grounds on a vast empirical founda-
tion [43–46]. Recent advances in this theory have focused on the evolutionary explanation
of neural system functioning. In particular, a comprehensive study on the hominization of
the brain highlights the crucial role of a complex connectomic structure [47]. It has been
suggested that boosting the size of the human brain causes an increase in the quantity and
complexity of connections between neuronal areas. Increased connectivity could deepen
the difference between the states of the whole system and straighten the organism’s ability
to discriminate them as comprehensive states of subjective reality, which increases the
informational richness of the system, see [24]. The enhancement of cognitive abilities was
an effect that favored chances for survival and reproduction, which were simultaneously
preserved by natural selection [17]. In summary, these allow the consideration of cogni-
tive abilities as an emerging systematic feature of the whole neural system rather than
a byproduct of merging sub-system computations [48]. This statement is not as trivial
as seen because many studies of cognition in neuroscience still try to construct an ideal
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experimental state to isolate the functioning of particular areas, such as those responsible
for visual perception. Considering them embedded in the organism’s behavior can resolve
many difficulties [49,50].

The ability to discriminate between and within experienced states is critical for con-
trol over behavior, an important part of one’s cognitive skills closely related to working
memory [51–54]. In addition to arguing about the nature and definition of this concept, it
has been demonstrated that various neural areas are involved in its functioning [55–58].
Furthermore, recent studies have demonstrated the interconnection between one’s ability
to operate information in an instant action and the general state of one’s body, such as
tiredness [59–61]. In natural activity, it seems that the capacity of human working memory
is limited within operating of three to four items simultaneously, which allows activity
with tools and complex future planning [52]. This is supposed to be sufficient to invoke
the production of symmetrical tools and the emergence of creative culture [53,62,63]. The
results of computer modeling suggest that the limitations of working memory can be
caused by interference between the signals [64]. However, the quantity of modeled signals
was relatively small and incomparable with the number of neurons in an organism’s neural
system. Thus, it must represent the functional division of neural areas in the brain, which
is consistent with the supposition of the global workspace theory that the sophistication of
connectomic patterns is among the most meaningful events in human phylogenesis [47].

The global workspace theory results and working memory studies agree with the
integrated information theory. The latter claims that the intrinsic qualities of the conscious
state are specificness, integration, and exclusiveness [65–68]. This theory suggests that
the decisive trait of the system that allows these qualities to emerge is that its overall
information must exceed the sum of the information of its parts. A system composed
of causal feedforward mechanisms cannot produce additional information regardless of
its structure. Thus, the system’s design must include at least some recursive elements in
which the previous state of the entire system predetermines the reaction to the external
stimuli. These results were obtained based on mathematical and computer modeling
and met some experimental verifications. However, the extraordinary complexity of the
suggested mathematical apparatus of multi-spatial geometry makes it impossible to apply
it to many items as neurons in the brain of almost any known organism. It does not
seem necessary that these recursive mechanisms must be realized at the simplest elements,
such as neurons. That said, it can also be represented at the functional level of the neural
system’s organization. For example, measuring information on the base of several hundred
nods may met predictions of the integrated information theory about the timescale of
conscious human perception [69]. This interpretation seems to be coherent with the model
of flexible working memory and the hypothesis of brain hominization [47,64].

2.2. Time, Rhythms, and Sustainability of a System

The recursive organization is a decisive requirement for the emergence of additional
information in the system. Its ability to experience subjective states involves the critical
role of time and particular requirements in the system’s design [31]. The speed of a set of
feedforward mechanisms is restrained only by the limitations of the physical mechanism, so
that the aim can be realized as quickly as possible. This is how most contemporary models
of naturalistic behavior work. Nevertheless, it implies a tremendous overcomplication of
the system, making it extremely energy-ineffective [65]. A large number of basic units of
the neural system would have made it impossible for any ordered activity based on the
one-level architecture of computational units. Thus, even modern machines and programs
already require a multilevel design where control over the system’s functioning operates
with statistical data gathered from the basic layers [70]. However, the probability of
such a complicated system’s emergence by natural selection is ultimately shallow if it
ever exists. In the case of the occasional formation of such a mechanism, they would
have been extremely vulnerable to changes and mutations, which inevitably occur. Each
complication of a system with a higher control level advocates for the role of intentional and
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artificial design. Nevertheless, the distinctive feature of the organism is that it emerges as
a result of the evolutionary selection of systems that align with the world best, rather than
implementing a pre-existed plan, e.g., any artifacts. Thus, any organism’s neural system
and subjective reality result from natural selection for the fittest behavior under given
circumstances. This implies that including the system’s previous state in its processing
must be realized in the most resource-effective manner [71–73].

The neural system of animals with complex behavior contains many sub-domains,
which are the product of a long evolutionary path and unceasing natural selection of the
ones that best fit the environment [74,75]. It has been suggested that the layered brain
architectures can “scaffold themselves across multiple timescales, including the ability of
cortical processes to constrain the evolution of sub-cortical processes, and of the latter to
constrain the space in which cortical systems self-organize and refine themselves” [76].
Furthermore, it was demonstrated that one’s ability to operate on incoming signals is highly
dependent on various global rhythms. The frequencies of the neural system’s spontaneous
activity constitute a receptive window that predetermines which stimuli can be perceived
and which will be omitted by the organism [74,77,78]. More global cycles are caused by
overall tiredness and finally constitute a daily schedule by means of the need to rest. All of
these can be comprehended in the concept of “temporal nestedness” that was suggested in
the temporospatial theory of consciousness on the foundation that intrinsic or spontaneous
brain activity is a necessary predisposition for any stimulated processing in the neural
system [26,29–32]. One of its main principles is that slower processes are stronger than
faster ones because only the former can guide the latter [33].

Other fields and research confirm this proposition. First, a breakthrough study in
brain-to-brain synchrony has already sketched a method for decoding the content of
consciousness on the basis of characteristic patterns of the default mode network func-
tioning [50,79]. The success of this approach to brain reading is due to its attention
to relatively stable and general patterns of neural activity rather than attempts to find
a distinct computation that differs from subject to subject. Second, advances in transcranial
magnetic stimulation have demonstrated an effect on participants’ cognitive abilities and
could even temporarily restore the capacities of working memory in the elderly and other
impaired cognitive skills [80–82]. This demonstrates how subjective experiences can be
affected by modifying the intrinsic rhythms of the neural system. Third, this might not be
that evident; however, few perspective studies in cross-cultural neuroscience demonstrate
how the particularities in brain structure predetermine an individual’s cognition and the
mode of their interaction with the natural and social environment [83–85]. They reveal
the focus of Western culture on analysis and self-sufficiency while favoring synthesis and
social cohesion in Oriental cultures [86–88]. This difference may be grounded in a relatively
higher rate of default mode network activity in the former and the significance of the
amygdala, basal ganglia, and temporal lobe for emotional control in the latter [89]. Since
humans can form an environment according to their needs, these cultural traits demonstrate
how qualities obtained during phylogenesis can not only be an advantage or disadvantage
during natural selection but also become a source of creative approaches to reality that
affect the future development of the species [85,90,91].

2.3. The Temporospatial Framework for Studying Neural Systems

Introducing the concept of “temporal nest” or “scaffolds” as a predisposition to align
with the world and conscious behavior assumes that areas responsible for the intrinsic ac-
tivity in the brain outperform and guide those responsible for processing stimulations [32].
Since the basic units of the neural system do not demonstrate significant qualitative dif-
ferences in their power, while equal faster frequencies imply higher energy, there must be
qualitative dominance of the former over the latter. Empirical data verified this theoretical
requirement. Although establishing particular areas responsible for intrinsic activity is
a matter of ongoing research and discussion, it can be claimed that most of the neural
system is involved in its production [72,92,93]. This requires a complicated connectomic
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pattern that integrates neural subsystems under one principle of orderliness [47]. From
the perspective of the entire system, these subsystems can be considered processing units
rather than single neurons. Considering the neural system as the “mixture of experts” [94]
explains how their collaboration and competition define a particular form of experience
and preferred behavioral strategies [95]. Such a design allows for flexible adaptation to
changes in environmental regularities and facilitates plasticity of the behavior [96–98]. Hu-
man evolutionary development warrants mastering the ability to control intentions, which
implies the critical role of social environment [99]. However, the computational abilities
of the neural system and the optimal response time to an event predetermine the limits of
complicating such a system. This is coherent with the model of flexible working memory,
which assumes that the richness of the subjective state is constrained by the interference
of neural areas [64]. At the same time, aligning with the world engages the whole body.
It predetermines those simple strategies are effective under certain conditions and when
the reality is too complicated to anticipate all its possibilities [100]. Thus, evolutionary
history defines a species’ cognitive abilities’ optimum and organization in a multi-level
system [101].

Figure 1 provides the author’s elaboration on the recent advances in considered the-
ories, and suggests theoretical demarcation between concepts of subjective reality and
consciousness (a). Many studies use measuring the entropy of subjective reality in a resting
state to predict the presence of conscious awareness [24,102–104]. Being synthesized with
conceptualization of the inverted relationship between neural mechanisms and functional-
ity of mental features [27], this allows to suggest an inverse relation between entropy of
neural system and subjective reality (b).
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Figure 1. (a) Theories and advances in studying consciousness synthesized in the concepts of the
subjective reality and human consciousness. (b) Inverse relation between entropy of neural system
and subjective reality. Entropy is a degree of the disorder of a system and complexity of its dynamic
changes that can represent predictability of neuronal system (as objectively measured) and subjective
reality (as experienced by an organism). The higher is unpredictability of the neuronal system, the
more consistent is subjective reality, and vice versa. A particular level of consciousness reflects the
alignment of the brain to the world and can be characterized with a corresponding level of entropy,
measured both from the third- and first-person point of view. Source: author’s Figures 2 and 4
from reference [99]. (c) Interrelation between points of view and subjective orderliness of the agents.
Third-person perspective is constituted as approximation of the involved system’s activities, which
assumes that the ones with lower orderliness are easier to predict, and vice versa. For the detailed
analysis of the point of view concept, see [25,33].
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Entropy has at least two foundations. First, the stochasticity of any system comes from
the fundamental principles of the existing reality and thus cannot be eliminated. Second,
entropy, as an intrinsic tendency to disseminate any orderliness, is vital for an organism’s
existence because it helps avoid lodging in one state and returns the homeostatic state
from which any required action is equally possible. An interesting discussion about the
role of serotonin as a necessary condition for adapting to new circumstances that must
be favored by natural selection is given in [24]. Thus, the sustainable functioning of any
relatively complex organism depends on preserving the balance between aligning with the
world that prescribes future actions and the system’s uncertainty that allows adaptation to
the changes [22]. Integration of system elements and coherence between intrinsic activity
and stimulations reflect a decrease in entropy. In contrast, the system’s disintegration and
contradiction with perceptions causes an increase in entropy [23]. Both these processes
are necessary for the species’ survival because the former provides adaptation, while the
latter guarantees alertness and plasticity of behavior. This is why even the state of ultimate
coherence and satisfaction cannot last long, or it will just cause the death of individuals
and the extinction of the species.

Maintaining the required proportion between the stability and uncertainty of the
system, as well as the integration of its elements, relies on a particular physical mechanism.
That is, in studying the neural system, the most critical requirement is that the entropy of
the integrated system must be counted on the basis of the elements’ traits, as a product of
subsystems, rather than the sum of their entropies that can be neglected. Correspondingly,
after integration into a higher order system, its entropy must be counted on the basis of
the sub-system’s traits and not as the sum of the sub-system’s entropies. This principle is
used in the model of flexible working memory, which explains the limitations of cognition
by the interference between relatively small amounts of agents [64]. Otherwise, there
is no way that a system with so many elements as the human brain can align with the
regularities of the environment because of the high noise that comes from the mass of the
sub-system units [69]. Therefore, the feedforward design can hardly introduce additional
information because its entropy is merely the sum of its element entropies [65]. Thus, the
higher layer of orderliness should use physical principles of integration other than the
lower one. This requires that subsystems are represented by the product of their element
activity, rather than the same principle of interaction between elements; see [71].

The discussed data can be used to argue that the interference between intrinsic and
stimulating activities of the neural system is a physical correlation of the experienced
subjective state [99]. This assumption is supported by empirical and theoretical evidence
that interference between these neural subsystems may predetermine cognitive abilities
and the complexity of the subjective state. Although direct connectomic interactions play
a vital role in neural system functioning [47], it is possible that, in some cases, electromag-
netic interference can serve as a medium for binding activity in the separated areas. The
most interesting example is the split-brain case, in which the unity of subjective reality
and working memory capacity is preserved despite the lack of direct connections between
brain hemispheres [105]. Furthermore, the interference pattern of the entire neural activity
can also affect single neurons, providing the required orderliness and decreasing entropy
of this basic level. It can be considered an analog of hormonal regulation that affects the
current state of the whole body and predetermines many of the behavioral responses to
the world. Thus, in an organism’s set of vital organs, the neural system is a sub-system
that controls the ongoing behavior and response to the current environmental effect, based
on past experience [9,48,97,106]. It operates with possibly faster rhythms of instant action
that have control over many other processes. Although this control cannot last long, it is
usually sufficient to guide instant actions, including prosocial behavior, by assigning the
corresponding valence to the perceived objects [95,107]. Therefore, it can be theorized that
the behavior of the most known species is guided by the top level with several competing
subsystems and demonstrates a correspondent entropy that provides the required level of
alignment with the environment in a scale-free way, see [33].



Entropy 2023, 25, 418 7 of 18

3. Results of Considering Subjective Reality within the Evolutionary Framework

Evolutionary origin of species may be one of a few undisputed postulates of the
modern scientific worldview [44,108–110]. Although the particularities of the evolutionary
theory and the sequence of species development are subject to reconsideration, the idea of
generative development of complicated structures from simpler ones is generally accepted
in all disciplines. This assumes that all complex entities are the result of some processes at
a more fundamental level and must have some simpler predecessors in their past. However,
the more complicated a system, the more vulnerable it should be to stochastic changes and
an increase in entropy as a tendency to dissipate any structure [111]. Nevertheless, the
development of organisms from simpler to more complicated ones demonstrates that the
evolution of orderliness is a natural tendency that must be grounded in the basic principles
of reality.

3.1. Sustainability of Regular Changes and Linear Evolution of a System

In addition to the ongoing discussion on the mechanisms that cause the origin of life as
a homeostatic system, there is a simple observation. If ongoing events do not demonstrate
any regularity or rhythm, it is not possible for any system to adapt to them because
adaptation assumes anticipation and correspondent change of the own processes, which
becomes the foundation for the behavior [112]. Irregular events can provide only favorable
or unfavorable conditions for some assemblage of things but cannot invoke the emergence
of any structure or system. Thus, only environments with strong regularities may cause
the emergence of an adaptive system whose cycles reflect ongoing changes [113,114].
The fundamental gravitational, electrical, and other interactions may form an aggregation
bonded by inner reactions, some of which receive reinforcement from the environment [108].
Within this system, the probability of supported reactions increases, whereas the possibility
of others decreases. The outer world introduces constraints on the excessive freedom of this
system, pushing it towards “criticality” [20,115]. This process opposes the natural tendency
to dissipate any structure that originates from the stochastic movement of things. This can
also be described as a decrease in system entropy.

While the system’s lifetime depends on maintaining entropy under a particular thresh-
old, an unceasing process of such simple system arousal and decay must lead to the
appearance of relatively sustainable systems with a cycle of homeostasis [116]. After ob-
taining this ability, such a system can be considered an “organism” that integrates many
assemblages under a particular orderliness [23]. The simpler the regular changes in the
environment, the greater the potential to invoke the corresponding anticipation. The second
term indicates that the frequency of these changes must be coherent with the foundational
reactions of this system. That is, an organism’s ability to align with the environment is
the adaptation process that is effective only when the entropy of its complex behavior is
coherent with the regularities of the environment [112]. The outer world plays a vital role
in the organism’s functioning and guides its future development. For example, an iteration
of the two environmental conditions has the greatest chance of invoking corresponding
responses in organisms, which was observed long ago; see [117]. On Earth, this change in
night and day affects almost any ecosystem. The orderliness adopted by the system reflects
environmental changes and can be qualified by the corresponding entropy mode and value,
see [24].

Effectively adapting a system to the simplest regularities prolongs its temporal longevity
and spatial growth [44,113,118]. However, physical principles introduce limitations on
the quantity of components in a particular system design, and irreducible entropy leads
to the dissipation of any structure. These constraints imply that a system with sufficient
sustainability either replaces some of its components or may be divided into separate
systems with the same orderliness. The latter is a foundation for reproduction so that
the mode of anticipating reality may be preserved and subject to natural selection. The
latter comes from the stochastic changes in each generation of this system so that the
fittest ones reproduce better and subsequently replace their predecessors. Therefore, the
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intrinsic entropy of the system not only dooms any system to annihilation but also serves as
a vital predisposition for the evolution of its mode of orderliness. Figure 2 demonstrates
conceptualization of evolutionary development.
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Natural selection for better alignment with the world assumes constituting particular
cycles of this system’s comprehensive states, which reflect regularities of the environment
and prescribe behavioral responses to anticipate them. These states result from a long
evolutionary development and are thus modified to better represent possible events and
corresponding reactions [39,75]. In organisms with complex behavior, this function is
performed by the intrinsic activity of the neural system that provides alertness to the
stimulation by needing meaningful income data [78,97]. Significantly, most natural behav-
ior requires the involvement of the whole organism, as it happens in the fight-or-flight
response [96,119–121]. This can predetermine the quality of the exclusiveness of the sub-
jective reality’s state, which is usually overwhelming and changes only over time. This
is consistent with the suggestion of the integrated information theory that a system with
a surplus of information must experience subjective states of being, which integrate and
represent all processes occurring in the body [65]. Such a design facilitates the reaction
to the environmental effect rather than if feedforward mechanisms are used. The surplus
speed is accompanied by increasing efficiency because simplifying the reaction saves energy
and broadens the range of possible states [71]. Natural selection should support this critical
advantage, which becomes a driver for further sophistication of the organism’s control
system and experience [39]. This opens the vista for the subsequent development of system
complexity and unceasing evolution. As the system evolves, it can adapt to more complex
rhythms to comprehend them in cognition and apply mastered principles to the broader
scope of ongoing events [97,122,123].

3.2. Increasing Complexity of the System from the Organism and Up to the Society

If the environment is ultimately regular, the most effective structure integrates all
activities in one top level that reflects the outer world and predetermines the behavioral
response. This may be the level of the simplest unicellular organism, which interacts
with reality in quite a limited way so that the basal cognition they demonstrate is suffi-
cient [118,124]. However, sustainable development of the system involves prolonging its
temporal and spatial longevity, which not only increases the entropy of the system but
also causes facing regularities in the environment, which have had no sense before [125].
Hence, anticipating new rhythms implies a new round of adaptation and rearrangement
of the system’s design [75]. Such an adaptation can introduce a higher level of orderli-
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ness or several competing control subsystems within a single level (see Figure 2 above).
A more stable environment complicates the organism’s structure and decreases the system’s
entropy. Complicating the body structure constitutes a new level of orderliness encompass-
ing new cycles of environmental change, usually slower than those from the basic layer,
such as yearly changes overwhelming daily changes. This helps reduce the entropy of
the system and enhance its sustainability. In turn, a more variable environment should
favor the sophistication of the existed top layer responsible for the behavior. Introducing
competing subsystems within one level of orderliness causes competition that disturbs
simple orderliness and inevitably increases the system’s entropy, see [94].

Anticipating regular changes in the environment constitutes the basal form of cognition
of an organism that is critical for sustainable existence and involves the emergence of vast
behavioral strategies. Among these, social behaviors are of the utmost interest because they
allow us to observe the process of the system’s formation in dynamics [101]. However, it
is necessary to provide a definition of social systems and to demarcate them from others.
An assemblage of things can be very sustainable and demonstrates inner connectivity
between parts. However, this situation exists only because occasional circumstances, such
as the oversaturation of the required elements, favor the establishment of these interactions.
Facing environmental changes, these things do not perform any behavior to preserve
their bonds, which differs from ordinary activities. Thus, such assemblages can be very
sustainable but not social. The opposite situation occurs in a unified system of organisms.
A canonical example of reciprocal behavior is soil bacteria, which face a lack of nutrition,
form a fruiting body, and even demonstrate kin discrimination [126]. Social insects, such as
ants or bees, exhibit much more complex behavior that is completely guided by the group’s
needs. The specialization of social units for reproduction and survival allows us to consider
them as a specific form of an organism in which parts can be separated in space rather than
a society in its own sense [127,128]. The comparison between assemblages of things and
unified organisms implies that social relations emerge between organisms whose behavior
is intrinsically connected with the whole system but is not strictly predetermined either by
the environment or by inner processes in their body. This increases the stochasticity of the
system but simultaneously opens a vista for the formation of a system more complex than
just the sum of the processes in its elements and environment [42].

It would be a mistake to consider social systems as something very different from
their evolutionary predecessors. Thus, humans demonstrate the most complicated social
interactions, in which analogs and prerequisites can be found in many species [129], but
first of all in primates [18]. It has been reported that sharing emotional states such as
anxiety is an effective strategy of communication in a group because it reduces the time of
detecting the danger and thus increases the chances for survival of any individual [114].
Furthermore, exploring the environment is necessary for control over resources, but it is
extremely time-consuming with no guarantee of success. The transmission of knowledge
about the environment between collective members allows for more effective foraging
and rest [107]. The higher the cognitive abilities of an individual organism, the more
sophisticated the strategies for acquiring knowledge from the other. Notably, in many cases,
bonds between individuals are more important than their kinship, with bonds between
sexual partners being among the most stable and efficient [16].

3.3. Human Society and Transformation of the Reality

Social structure presumably plays the most critical role in humans because of the
extraordinarily long period of child immaturity and the need for alloparent rearing of
offspring [130–132]. Maturing juveniles corresponds to a better time for learning new
skills [133,134]. This facilitates the transmission of knowledge between generations, which
is critical for preserving the achievements of culture and its future development [135–137].
The formation of cognitive abilities and neural system structure corresponds to the task of
subsequent incorporation into a particular society. The high diversity of social requirements
involves the necessity of mastering them during life history rather than being an innate
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instinct, as found in social insects [138,139]. This predetermines the formation of human
consciousness as a particular skill of controlling behavior at the level of intention [99,140–142].
Altogether, a balance between predetermined body structures and socialization can be
found in humans [98]. The former follows the rhythm of ontogenesis, while the latter is
responsible for adapting to the local environment and the linear evolution of the system.
Human life history is a highly divergent realization of the sustainable system’s sequence,
which is possible only because of the unique traits of the human neural system that grant
a lot of freedom to an individual’s subjective reality. Figure 3 demonstrates a coordinate
system that combines physical, biological, and subjective perspectives on the system’s
processes in the evolutionary framework.
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Figure 3. Coordinate system combining physical (bold text), biological (regular text), and subjective
(italic text) perspectives on the systems’ processes. Entropy increases from the center to periphery
in all four directions. Integration of a system and increasing complexity of the body is critical
for evolution. Disintegration is the basic process for (re)production and resource consumption.
These two aspects form the foundation of homeostasis and represent increases and decreases of the
systems’ energy. This predetermines their experiences as excitation and inhibition. Coherence and
contradiction are two possible types of interaction with the environment. Reaching coherence with
the income stimulation causes alignment between the world and the system. This reinforces the
inner processes in the latter and invokes feelings of pleasure. Facing contradictory event creates
danger, which causes a self-defense reaction and feelings of anger as a signal of the body’s readiness
to choose between fight or flight. Coherence and contradiction are required for adaptation to the
environment. An individual with the corresponding body structure and required training can use
their will to intentionally change their state. This must follow principles of change, which usually
uses the opposites to overcome the present state and invokes spiral movement. Furthermore, this is
difficult. Source: author’s Figure 3 from reference [99] with changes.

These results suggest that the structure of an organism’s orderliness results from
the subsequent and relatively smooth evolution. However, the integration of subsystems
under the new and higher level of orderliness is usually linked to obtaining new abilities
imposed by the extraordinary change in the environment. The most critical challenge
for a species’ survival is that the spurt in their development is accidentally accompanied
by significant environmental changes [132,143]. This could have happened with humans
when the subsequent evolution faced a climate switch that almost led to the extinction
of the species [144,145]. The changeable environment introduced a higher requirement
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for cognitive abilities, which resulted in formidable complications of the human neural
system and hominization of the brain. Increasing the connectome complexity caused
an outstanding diversification of the current state’s content and enhancement of the work-
ing memory by up to three to four items. This evolutionary leap favors tool operations
and communication abilities [63,146]. At the same time, it prolongs immaturity, invoking
the need for alloparent care because other processes within the body remained the same.
Together with environmental challenges and social selection, maintaining social cohesion in
massive collectives became critical for the survival [17,147]. Because of the high variability
of individual primate behavior, this was possible only by mastering self-control over their
intentions in light of the particular social traditions unavailable for other animals [43]. One
can consider this consciousness narrowly, which affords knowledge accumulation and the
culture’s emergence [99].

The control over intentions assumes that the body’s subsystems are united under this
higher level of orderliness. Although such control cannot last long if there are basic needs
such as hunger or danger, it is usually sufficient to provide the required behavior when
facing the needs of the collective [140]. Thus, mastering the ability for conscious activity
affords the consideration of individuals as entities with particular traits and neglects the
entropy of their body, just as it happens in the neural system that provides the unified state
of subjective reality based on interference from many neural areas. This can be an example
of organism’s scale-free alignment with the world [33]. As discussed above, only slower
and more powerful rhythms may become scaffolds for faster frequencies and constrain
them [32,76]. Introducing the culture and historicity that outperform any individual’s
lifetimeallows control of the body’s intentions and reaching the required level of social
cohesion [148–150]. Among the known species, only humans can master such abilities
to date.

Furthermore, conscious activity allows long-term planning and the creative transfor-
mation of the environment. Such a modification of entropy already exceeds the limits of the
organism’s body or collective [71]. This creative attitude to the environment from human
consciousness represents another coil of natural evolution as emerging and dissipation
of systems invoked by the world [44]. Therefore, one can consider the system’s entropy
as a real agent of natural selection rather than genes or other things from the basic level
of orderliness.

4. Discussion of the Research Limitations and New Vistas

Summarizing the discussed evidence indicates that the neural system is a sub-system
of a complicated organism that plays a critical role in aligning with the world. In turn,
the neural system also demonstrates a multilevel structure. Its basic units’ gait into the
neural areas responsible for the particular processing and up to integration into the unified
state of subjective reality that guides behavioral response to the environmental effect.
Such a system can be evolutionarily effective only if it can provide an instant alignment
between subsystems in light of the incoming effect. The temporospatial theory argues that
such alignment is possible only if the system performs its intrinsic activity, which is adjusted
for compliance with the regularities of the environment and modified by stimulation. I hope
that the discussion will invoke debates on considering human consciousness within the
evolutionary framework and how the concept of entropy may be used to integrate physical
and subjective realities. The limitations of this study come from the limited abilities of the
author and the set objectives.

1. This research was focused on philosophical issues and aimed to present them as
a review rather than introducing the same ideas via experiments, modeling, or cal-
culations. Due to the vagueness of the theme and the existence of many theories of
consciousness and methods to count entropy, any attempt to consider raised issues
more particularly would have been a voluntary choice of some mathematical or re-
search model caused by the author’s preferences and knowledge, with a pretention for
some objective inquiry. An effective method to deal with the entropy of the system’s
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physical and subjective states [22,24] is a challenge that must be resolved by the work
of the scientific community rather than by individuals. I suppose that the method
and formula must be as simple as possible and connected with the known principles
of physical reality. Furthermore, it may be reasonable to consider the entropy of
a system in its interconnection with the regularities of the world rather than a closed
entity. More profound elaboration of this issue should be based on the philosophical
background presented in [33].

2. Considering entropies of the neural system and subjective reality allows us to find new
methods of estimating the content of consciousness from the third-person perspective
(see Figure 1 above). However, this requires profound empirical research using neu-
roimaging and other methods to obtain reliable data. To minimize possible bias in
the evaluation of subjective reality’s functioning, it is critical to pay great attention to
cross-cultural and other diversities, which are relatively poorly studied yet [151–153].
As discussed above, the top level of the human orderliness is consciousness. It must
be mastered during an individual‘s life by including society and adopting its regular-
ities, which are slower than simple behavioral functioning [84,88]. Thus, particular
differences in the neural system across the human population may be best seen in the
context of temporal functioning rather than the spatial organization of the brain con-
nectome, see [31]. Hence, the temporospatial theory of consciousness [26–33] seems
to be the most appropriate framework for future research on human consciousness,
freed from the unintentional bias grounded in considering a part of the population as
an etalon.

3. Despite attempts to highlight the critical role of time, its understanding is a great
challenge that comes from one of the most foundational qualities of subjective reality:
its exclusiveness [66]. Complicating the current state and quantification of time is
a natural tendency for the extensive development of the current level of orderliness.
At the same time, any attempt to comprehend regularities of the higher order requires
dealing with slower frequencies, which are difficult to reach by means of the current
tools of perception and action. The development of any system, from organism to
culture and knowledge, follows the same process as natural selection with the avail-
able regularities of the environment [132]. In turn, the latter requires that the existing
system be sufficiently rich in meeting them and warrants sustainable development
for future development. Thus, the concept of temporal nestedness suggested in tem-
porospatial theory may have a much wider application that describes the functioning
of the neural system [26–32,41,42].

4. Last but not least, considering the creative abilities of humans to modify their liv-
ing world raises ethical and philosophical questions [3,4]. Any complex system is
a product of aligning with the world; however, it is also affected by its functioning.
From a physical perspective, preserving a system’s orderliness facilitates its environ-
ment’s entropy. However, the basic needs of the organism are the product of the
natural selection of the species and, thus, tend to preserve the balance with reality. As
the product of social selection, human consciousness reflects more rapid changes and
can introduce meanings above natural needs, which tend to modify the environment
much more dramatically [90]. Thus, the ability for intentional activity in a cohesive
collective allows humans to control entropy not only within the group but also outside
it. Recent social disturbances have highlighted these dangers [154,155]. The outcome
of our actions depends on the adopted intentions and goals, which may be both within
the system and the world. Significantly, the borders between them are determined
by one’s consciousness: it can be an individual body, family, society, or the whole
world perceived as a unity. Determining which goal will be chosen is a matter of
current choice.
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5. Conclusions

1. In a regular environment, any occasional assemblage of things is subject to natu-
ral selection for coherence with the world by obtaining surrounding orderliness.
Thus, the latter’s effect allows the maintenance of the entropy of the former below
a particular threshold and causes the emergence of a system that can preserve home-
ostasis, anticipate upcoming events, and reproduce under suitable circumstances.
This demonstrates the scale-free nature of the world’s orderliness.

2. Interaction with the world and natural behavior involves the entire system, requiring
all its components to be united in a cohesive motion that constitutes a specific subjec-
tive state. Therefore, each anticipative system can be considered to have a particular
subjective reality with its cycles of activity and level of entropy that is coherent with
its living world.

3. The evolution of systems involves facing new regularities and starting a new round of
adaptation, either introducing competitive subsystems of the same level or mounting
a higher level of orderliness. The former complicates the behavior and increases the
entropy of the system. The latter is linked to obtaining new abilities, which usually
invoke changes in the organism’s structure. This decreases the entropy of the system
and can even lead to the emergence of society.

4. The rhythms of the higher level must outperform and guide the activities of the
subsystems. This assumes that the higher level constantly performs its intrinsic
activity, in which frequencies are slower but involve more units than any sub-system.
The human neural system demonstrates all of these qualities and grants exclusive
access to the contents of subjective reality. The extraordinary evolutionary history of
the human neural system allows one to master the ability of conscious action. This is
an achievement that must be gained during the life history of an individual, and the
duty of society is to provide opportunities for this.

5. The framework of the temporospatial theory allows us to understand human con-
sciousness in the context of natural world evolution. This demonstrates that alignment
with the living world is necessary for achieving coherence between the environment’s
regularity and the system’s entropy. However, the emergence of human consciousness
may be a new coil that allows for intentional change in entropy within the system as
well as in the environment. This increases the responsibility of the species to master
conscious action during their lives.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Schneider, S.; Velmans, M. (Eds.) The Blackwell Companion to Consciousness, 2nd ed.; John Wiley & Sons Inc.: Hoboken, NJ,

USA, 2017.
2. Dehaene, S.; Lau, H.; Kouider, S. What is consciousness, and could machines have it? Science 2017, 358, 486–492. [CrossRef]
3. Yuste, R.; Goering, S.; Arcas, B.A.Y.; Bi, G.; Carmena, J.M.; Carter, A.; Fins, J.J.; Friesen, P.; Gallant, J.; Huggins, J.E.; et al.

Four ethical priorities for neurotechnologies and AI. Nature 2017, 551, 159–163. [CrossRef] [PubMed]
4. Reardon, S. Can lab-grown brains become conscious? Nature 2020, 586, 658–661. [CrossRef] [PubMed]
5. Chalmers, D.J. Is the Hard Problem of Consciousness Universal? J. Conscious. Stud. 2020, 27, 227–257.
6. Dennett, D.C. Facing up to the hard question of consciousness. Philos. Trans. R. Soc. B 2018, 373, 20170342. [CrossRef]
7. Boly, M.; Seth, A.K.; Wilke, M.; Ingmundson, P.; Baars, B.; Laureys, S.; Edelman, D.B.; Tsuchiya, N. Consciousness in humans and

non-human animals: Recent advances and future directions. Front. Psychol. 2013, 4, 625. [CrossRef]
8. Gutfreund, Y. The Mind-Evolution Problem: The Difficulty of Fitting Consciousness in an Evolutionary Framework. Front. Psychol.

2018, 9, 1537. [CrossRef] [PubMed]
9. Rudrauf, D.; Sergeant-Perthuis, G.; Belli, O.; Tisserand, Y.; Serugendo, G.D.M. Modeling the subjective perspective of conscious-

ness and its role in the control of behaviours. J. Theoret. Biol. 2022, 534, 110957. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aan8871
http://doi.org/10.1038/551159a
http://www.ncbi.nlm.nih.gov/pubmed/29120438
http://doi.org/10.1038/d41586-020-02986-y
http://www.ncbi.nlm.nih.gov/pubmed/33110258
http://doi.org/10.1098/rstb.2017.0342
http://doi.org/10.3389/fpsyg.2013.00625
http://doi.org/10.3389/fpsyg.2018.01537
http://www.ncbi.nlm.nih.gov/pubmed/30197617
http://doi.org/10.1016/j.jtbi.2021.110957
http://www.ncbi.nlm.nih.gov/pubmed/34742776


Entropy 2023, 25, 418 14 of 18

10. Krakauer, J.W.; Ghazanfar, A.A.; Gomez-Marin, A.; MacIver, M.A.; Poeppel, D. Neuroscience Needs Behavior: Correcting a
Reductionist Bias. Neuron 2017, 93, 480–490. [CrossRef]

11. Pessoa, L.; Medina, L.; Desfilis, E. Refocusing neuroscience: Moving away from mental categories and towards complex
behaviours. Philos. Trans. R. Soc. B 2022, 377, 20200534. [CrossRef] [PubMed]

12. Sidorova, A.; Levashova, N.; Garaeva, A.; Tverdislov, V. A percolation model of natural selection. Biosystems 2020, 193–194,
104120. [CrossRef]

13. Papale, F.; Saget, J.; Bapteste, E. Networks Consolidate the Core Concepts of Evolution by Natural Selection. Trends Microbiol.
2020, 28, 254–265. [CrossRef]

14. Cisek, P.; Hayden, B.Y. Neuroscience needs evolution. Philos. Trans. R. Soc. B 2022, 377, 20200518. [CrossRef] [PubMed]
15. Kammerer, F. Does the Explanatory Gap Rest on a Fallacy? Rev. Philos. Psychol. 2019, 10, 649–667. [CrossRef]
16. Dunbar, R.I.M.; Shultz, S. Evolution in the social brain. Science 2007, 317, 1344–1347. [CrossRef] [PubMed]
17. Gopnik, A.; Frankenhuis, W.E.; Tomasello, M. Introduction to special issue: ‘Life history and learning: How childhood, caregiving

and old age shape cognition and culture in humans and other animals’. Philos. Trans. R. Soc. B 2020, 375, 20190489. [CrossRef]
[PubMed]

18. Pettitt, P. The Palaeolithic Origins Of Human Burial; Routledge: Milton Park, UK, 2011.
19. Searle, J. Theory of mind and Darwin‘s legacy. Proc. Natl. Acad. Sci. USA 2013, 110, 10343–10348. [CrossRef]
20. Friston, K.J.; Wiese, W.; Hobson, J.A. Sentience and the Origins of Consciousness: From Cartesian Duality to Markovian Monism.

Entropy 2020, 22, 516. [CrossRef]
21. Mason, J.W.D. From Learning to Consciousness: An Example Using Expected Float Entropy Minimisation. Entropy 2019, 21, 60.

[CrossRef] [PubMed]
22. Buxton, R.B. The thermodynamics of thinking: Connections between neural activity, energy metabolism and blood flow.

Philos. Trans. R. Soc. B 2021, 376, 20190624. [CrossRef] [PubMed]
23. Friston, K.J. The free-energy principle: A unified brain theory? Nat. Rev. Neurosci. 2010, 11, 127–138. [CrossRef]
24. Carhart-Harris, R.L. The entropic brain—Revisited. Neuropharmacology 2018, 142, 167–178. [CrossRef] [PubMed]
25. Campos, M.V.; Gutiérrez, A.M.L. (Eds.) Temporal Points of View; Springer: Berlin/Heidelberg, Germany, 2015.
26. Northoff, G.; Wainio-Theberge, S.; Evers, K. Is temporo-spatial dynamics the "common currency" of brain and mind? In Quest of

“Spatiotemporal Neuroscience”. Phys. Life Rev. 2020, 33, 34–54. [CrossRef] [PubMed]
27. Northoff, G.; Tumati, S. “Average is good, extremes are bad”—Non-linear inverted U-shaped relationship between neural

mechanisms and functionality of mental features. Neurosci. Biobehav. Rev. 2019, 104, 11–25. [CrossRef]
28. Northoff, G. The Spontaneous Brain: From the Mind–Body to the World–Brain Problem; The MIT Press: Cambridge, MA, USA, 2018.
29. Northoff, G.; Huang, Z.R. How do the brain‘s time and space mediate consciousness and its different dimensions? Temporo-spatial

theory of consciousness (TTC). Neurosci. Biobehav. Rev. 2017, 80, 630–645. [CrossRef] [PubMed]
30. Northoff, G. Is the self a higher-order or fundamental function of the brain? The “basis model of self-specificity” and its encoding

by the brain‘s spontaneous activity. Cogn. Neurosci. 2016, 7, 203–222. [CrossRef] [PubMed]
31. Northoff, G.; Zilio, F. From Shorter to Longer Timescales: Converging Integrated Information Theory (IIT) with the Temporo-

Spatial Theory of Consciousness (TTC). Entropy 2022, 24, 270. [CrossRef] [PubMed]
32. Northoff, G.; Zilio, F. Temporo-spatial Theory of Consciousness (TTC)—Bridging the gap of neuronal activity and phenomenal

states. Behav. Brain Res. 2022, 424, 113788. [CrossRef] [PubMed]
33. Northoff, G.; Smith, D. The subjectivity of self and its ontology: From the world-brain relation to the point of view in the world.

Theory Psychol. 2022, 8, 120. [CrossRef]
34. Barack, D.L.; Krakauer, J.W. Two views on the cognitive brain. Nat. Rev. Neurosci. 2021, 6, 359–371. [CrossRef] [PubMed]
35. Seth, A.K.; Bayne, T. Theories of consciousness. Nat. Rev. Neurosci. 2022, 23, 439–452. [CrossRef]
36. Gallagher, S. The Extended Mind: State of the Question. South. J. Philos. 2018, 56, 421–447. [CrossRef]
37. Hameroff, S. ‘Orch OR’ is the most complete, and most easily falsifiable theory of consciousness. Cogn. Neurosci.-UK 2021, 12,

74–76. [CrossRef]
38. Rosenthal, D. Competing models of consciousness. Cogn. Neuropsychol. 2020, 37, 176–179. [CrossRef] [PubMed]
39. Dubrovsky, D.I. “The Hard Problem of Consciousness”. Theoretical solution of its main questions. Aims Neurosci. 2019, 6, 85–103.

[CrossRef]
40. Koch, C. What is consciousness? Nature 2018, 557, S8–S12. [CrossRef] [PubMed]
41. Fingelkurts, A.A.; Fingelkurts, A.A.; Neves, C.F.H.; Kallio-Tamminen, T. Brain-mind operational architectonics: At the boundary

between quantum physics and Eastern metaphysics. Phys. Life Rev. 2019, 31, 122–133. [CrossRef]
42. Fingelkurts, A.A.; Fingelkurts, A.A.; Neves, C.E.H. Natural world physical, brain operational, and mind phenomenal space-time.

Phys. Life Rev. 2010, 7, 195–249. [CrossRef] [PubMed]
43. Lou, H.C.; Changeux, J.P.; Rosenstand, A. Towards a cognitive neuroscience of self-awareness. Neurosci. Biobehav. Rev. 2017, 83,

765–773. [CrossRef]
44. Changeux, J.P. Climbing Brain Levels of Organisation from Genes to Consciousness. Trends Cogn. Sci. 2017, 21, 168–181. [CrossRef]
45. Changeux, J.P. Wider than the sky: The phenomenal gift of consciousness. Nature 2004, 428, 603–604. [CrossRef]
46. Dehaene, S. Consciousness and the Brain: Deciphering How the Brain Codes Our Thoughts; Viking: New York, NY, USA, 2014.

http://doi.org/10.1016/j.neuron.2016.12.041
http://doi.org/10.1098/rstb.2020.0534
http://www.ncbi.nlm.nih.gov/pubmed/34957851
http://doi.org/10.1016/j.biosystems.2020.104120
http://doi.org/10.1016/j.tim.2019.11.006
http://doi.org/10.1098/rstb.2020.0518
http://www.ncbi.nlm.nih.gov/pubmed/34957841
http://doi.org/10.1007/s13164-018-0424-1
http://doi.org/10.1126/science.1145463
http://www.ncbi.nlm.nih.gov/pubmed/17823343
http://doi.org/10.1098/rstb.2019.0489
http://www.ncbi.nlm.nih.gov/pubmed/32475324
http://doi.org/10.1073/pnas.1301214110
http://doi.org/10.3390/e22050516
http://doi.org/10.3390/e21010060
http://www.ncbi.nlm.nih.gov/pubmed/33266776
http://doi.org/10.1098/rstb.2019.0624
http://www.ncbi.nlm.nih.gov/pubmed/33190604
http://doi.org/10.1038/nrn2787
http://doi.org/10.1016/j.neuropharm.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/29548884
http://doi.org/10.1016/j.plrev.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31221604
http://doi.org/10.1016/j.neubiorev.2019.06.030
http://doi.org/10.1016/j.neubiorev.2017.07.013
http://www.ncbi.nlm.nih.gov/pubmed/28760626
http://doi.org/10.1080/17588928.2015.1111868
http://www.ncbi.nlm.nih.gov/pubmed/26505808
http://doi.org/10.3390/e24020270
http://www.ncbi.nlm.nih.gov/pubmed/35205564
http://doi.org/10.1016/j.bbr.2022.113788
http://www.ncbi.nlm.nih.gov/pubmed/35149122
http://doi.org/10.1177/09593543221080120
http://doi.org/10.1038/s41583-021-00448-6
http://www.ncbi.nlm.nih.gov/pubmed/33859408
http://doi.org/10.1038/s41583-022-00587-4
http://doi.org/10.1111/sjp.12308
http://doi.org/10.1080/17588928.2020.1839037
http://doi.org/10.1080/02643294.2020.1736536
http://www.ncbi.nlm.nih.gov/pubmed/32126930
http://doi.org/10.3934/Neuroscience.2019.2.85
http://doi.org/10.1038/d41586-018-05097-x
http://www.ncbi.nlm.nih.gov/pubmed/29743705
http://doi.org/10.1016/j.plrev.2018.11.001
http://doi.org/10.1016/j.plrev.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20417160
http://doi.org/10.1016/j.neubiorev.2016.04.004
http://doi.org/10.1016/j.tics.2017.01.004
http://doi.org/10.1038/428603a


Entropy 2023, 25, 418 15 of 18

47. Changeux, J.P.; Goulas, A.; Hilgetag, C.C. A Connectomic Hypothesis for the Hominization of the Brain. Cereb. Cortex 2021, 31,
2425–2449. [CrossRef]

48. Machado, T.A.; Kauvar, I.V.; Deisseroth, K. Multiregion neuronal activity: The forest and the trees. Nat. Rev. Neurosci. 2022, 23,
683–704. [CrossRef] [PubMed]

49. Gibson, J.J. The Ecological Approach to Visual Perception; Houghton Mifflin: Boston, MA, USA, 1979.
50. Koban, L.; Gianaros, P.J.; Kober, H.; Wager, T.D. The self in context: Brain systems linking mental and physical health.

Nat. Rev. Neurosci. 2021, 22, 309–322. [CrossRef]
51. Baars, B.J.; Franklin, S. How conscious experience and working memory interact. Trends Cogn. Sci. 2003, 7, 166–172. [CrossRef]
52. Hahn, L.A.; Rose, J. Working Memory as an Indicator for Comparative Cognition—Detecting Qualitative and Quantitative

Differences. Front. Psychol. 2020, 11, 01954. [CrossRef]
53. Coolidge, F.L.; Wynn, T. The evolution of working memory. Annee Psychol. 2020, 120, 103–134. [CrossRef]
54. Ma, W.J.; Husain, M.; Bays, P.M. Changing concepts of working memory. Nat. Neurosci. 2014, 17, 347–356. [CrossRef]
55. Christophel, T.B.; Klink, P.C.; Spitzer, B.; Roelfsema, P.R.; Haynes, J.D. The distributed nature of working memory. Trends Cogn. Sci.

2017, 21, 111–124. [CrossRef]
56. Barbosa, J.; Stein, H.; Martinez, R.L.; Galan-Gadea, A.; Li, S.H.; Dalmau, J.; Adam, K.C.S.; Valls-Sole, J.; Constantinidis, C.; Compte,

A. Interplay between persistent activity and activity-silent dynamics in the prefrontal cortex underlies serial biases in working
memory. Nat. Neurosci. 2020, 23, 1016–1024. [CrossRef] [PubMed]

57. Finn, E.S.; Huber, L.; Jangraw, D.C.; Molfese, P.J.; Bandettini, P.A. Layer-dependent activity in human prefrontal cortex during
working memory. Nat. Neurosci. 2019, 22, 1687–1695. [CrossRef] [PubMed]

58. Quentin, R.; King, J.R.; Sallard, E.; Fishman, N.; Thompson, R.; Buch, E.R.; Cohen, L.G. Differential Brain Mechanisms of Selection
and Maintenance of Information during Working Memory. J. Neurosci. 2019, 39, 3728–3740. [CrossRef] [PubMed]

59. Peng, Z.; Dai, C.; Ba, Y.; Zhang, L.; Shao, Y.; Tian, J. Effect of Sleep Deprivation on the Working Memory-Related N2-P3
Components of the Event-Related Potential Waveform. Front. Neurosci. 2020, 14, 360. [CrossRef]

60. Groß, D.; Kohlmann, C.W. Predicting self-control capacity—Taking into account working memory capacity, motivation, and heart
rate variability. Acta Psychol. 2020, 209, 103131. [CrossRef] [PubMed]

61. Sauseng, P.; Liesefeld, H.R. Cognitive Control: Brain Oscillations Coordinate Human Working Memory. Curr. Biol. 2020, 30,
R405–R407. [CrossRef]

62. Carruthers, P. Evolution of working memory. Proc. Natl. Acad. Sci. USA 2013, 110, 10371–10378. [CrossRef]
63. Balter, M. Evolution of behavior. Did working memory spark creative culture? Science 2010, 328, 160–163. [CrossRef]
64. Bouchacourt, F.; Buschman, T.J. A flexible model of working memory. Neuron 2019, 103, 147–160. [CrossRef]
65. Tononi, G.; Boly, M.; Massimini, M.; Koch, C. Integrated information theory: From consciousness to its physical substrate.

Nat. Rev. Neurosci. 2016, 17, 450–461. [CrossRef]
66. Tononi, G.; Koch, C. Consciousness: Here, there and everywhere? Philos. Trans. R. Soc. B 2015, 370, 20140167. [CrossRef]
67. Tononi, G. Consciousness as integrated information: A provisional manifesto. Biol. Bull. 2008, 215, 216–242. [CrossRef]
68. Mallatt, J. A Traditional Scientific Perspective on the Integrated Information Theory of Consciousness. Entropy 2021, 23, 360.

[CrossRef] [PubMed]
69. Toker, D.; Sommer, F.T. Information integration in large brain networks. PLoS Comput. Biol. 2019, 15, e1006807. [CrossRef]
70. Chen, C.; Li, R.; Shu, L.; He, Z.Y.; Wang, J.N.; Zhang, C.M.; Ma, H.F.; Aihara, K.; Chen, L.N. Predicting future dynamics from

short-term time series using an Anticipated Learning Machine. Natl. Sci. Rev. 2020, 7, 1079–1091. [CrossRef]
71. Palmer, T. Human creativity and consciousness: Unintended consequences of the brain‘s extraordinary energy efficiency? Entropy

2020, 22, 281. [CrossRef] [PubMed]
72. Kaefer, K.; Stella, F.; McNaughton, B.L.; Battaglia, F.P. Replay, the default mode network and the cascaded memory systems

model. Nat. Rev. Neurosci. 2022, 23, 628–640. [CrossRef]
73. Schreiner, T.; Staudigl, T. Electrophysiological signatures of memory reactivation in humans. Philos. Trans. R. Soc. B 2020, 375,

20190293. [CrossRef] [PubMed]
74. Liu, Y.Z.; Nour, M.M.; Schuck, N.W.; Behrens, T.E.J.; Dolan, R.J. Decoding cognition from spontaneous neural activity.

Nat. Rev. Neurosci. 2022, 23, 204–214. [CrossRef] [PubMed]
75. Whittington, J.C.R.; McCaffary, D.; Bakermans, J.J.W.; Behrens, T.E.J. How to build a cognitive map. Nat. Neurosci. 2022, 25,

1257–1272. [CrossRef] [PubMed]
76. Wilson, S.P.; Prescott, T.J. Scaffolding layered control architectures through constraint closure: Insights into brain evolution and

development. Philos. Trans. R. Soc. B 2022, 377, 20200519. [CrossRef] [PubMed]
77. Wolff, A.; Di Giovanni, D.A.; Gomez-Pilar, J.; Nakao, T.; Huang, Z.; Longtin, A.; Northoff, G. The temporal signature of self:

Temporal measures of resting-state EEG predict self-consciousness. Hum. Brain Mapp. 2019, 40, 789–803. [CrossRef]
78. Brookshire, G. Putative rhythms in attentional switching can be explained by aperiodic temporal structure. Nat. Hum. Behav.

2022, 6, 1280–1291. [CrossRef] [PubMed]
79. Yeshurun, Y.; Nguyen, M.; Hasson, U. The default mode network: Where the idiosyncratic self meets the shared social world.

Nat. Rev. Neurosci. 2021, 22, 181–192. [CrossRef]
80. Jang, S.H.; Kwon, Y.H. Effect of repetitive transcranial magnetic stimulation on the ascending reticular activating system in a

patient with disorder of consciousness: A case report. BMC Neurol. 2020, 20, 37. [CrossRef]

http://doi.org/10.1093/cercor/bhaa365
http://doi.org/10.1038/s41583-022-00634-0
http://www.ncbi.nlm.nih.gov/pubmed/36192596
http://doi.org/10.1038/s41583-021-00446-8
http://doi.org/10.1016/S1364-6613(03)00056-1
http://doi.org/10.3389/fpsyg.2020.01954
http://doi.org/10.3917/anpsy1.202.0103
http://doi.org/10.1038/nn.3655
http://doi.org/10.1016/j.tics.2016.12.007
http://doi.org/10.1038/s41593-020-0644-4
http://www.ncbi.nlm.nih.gov/pubmed/32572236
http://doi.org/10.1038/s41593-019-0487-z
http://www.ncbi.nlm.nih.gov/pubmed/31551596
http://doi.org/10.1523/JNEUROSCI.2764-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/30833510
http://doi.org/10.3389/fnins.2020.00469
http://doi.org/10.1016/j.actpsy.2020.103131
http://www.ncbi.nlm.nih.gov/pubmed/32768669
http://doi.org/10.1016/j.cub.2020.02.067
http://doi.org/10.1073/pnas.1301195110
http://doi.org/10.1126/science.328.5975.160
http://doi.org/10.1016/j.neuron.2019.04.020
http://doi.org/10.1038/nrn.2016.44
http://doi.org/10.1098/rstb.2014.0167
http://doi.org/10.2307/25470707
http://doi.org/10.3390/e23060650
http://www.ncbi.nlm.nih.gov/pubmed/34067413
http://doi.org/10.1371/journal.pcbi.1006807
http://doi.org/10.1093/nsr/nwaa025
http://doi.org/10.3390/e22030281
http://www.ncbi.nlm.nih.gov/pubmed/33286055
http://doi.org/10.1038/s41583-022-00620-6
http://doi.org/10.1098/rstb.2019.0293
http://www.ncbi.nlm.nih.gov/pubmed/32248789
http://doi.org/10.1038/s41583-022-00570-z
http://www.ncbi.nlm.nih.gov/pubmed/35260845
http://doi.org/10.1038/s41593-022-01153-y
http://www.ncbi.nlm.nih.gov/pubmed/36163284
http://doi.org/10.1098/rstb.2020.0519
http://www.ncbi.nlm.nih.gov/pubmed/34957842
http://doi.org/10.1002/hbm.24412
http://doi.org/10.1038/s41562-022-01364-0
http://www.ncbi.nlm.nih.gov/pubmed/35680992
http://doi.org/10.1038/s41583-020-00420-w
http://doi.org/10.1186/s12883-020-1607-9


Entropy 2023, 25, 418 16 of 18

81. Xia, X.Y.; Wang, Y.; Li, C.; Li, X.L.; He, J.H.; Bai, Y. Transcranial magnetic stimulation-evoked connectivity reveals modulation
effects of repetitive transcranial magnetic stimulation on patients with disorders of consciousness. Neuroreport 2019, 30, 1307–1315.
[CrossRef]

82. Iimori, T.; Nakajima, S.; Miyazaki, T.; Tarumi, R.; Ogyu, K.; Wada, M.; Tsugawa, S.; Masuda, F.; Daskalakis, Z.J.;
Blumberger, D.M.; et al. Effectiveness of the prefrontal repetitive transcranial magnetic stimulation on cognitive profiles
in depression, schizophrenia, and Alzheimer‘s disease: A systematic review. Prog. Neuro–Psychoph. 2019, 88, 31–40. [CrossRef]
[PubMed]

83. Zhou, Y.Q.; Gao, T.Y.; Zhang, T.; Li, W.X.; Wu, T.Y.; Han, X.C.; Han, S.H. Neural dynamics of racial categorization predicts racial
bias in face recognition and altruism. Nat. Hum. Behav. 2020, 4, 69–87. [CrossRef]

84. He, Z.; Muhlert, N.; Elliott, R. Emotion regulation of social exclusion: A cross-cultural study. Hum. Soc. Sci. Comm. 2021, 8, 173.
[CrossRef]

85. Han, S. The Sociocultural Brain: A Cultural Neuroscience Approach to Human Nature; Oxford University Press: Oxford, UK, 2017.
86. Luo, S.Y.; Zhu, Y.Y.; Han, S.H. Functional connectome fingerprint of holistic-analytic cultural style. Soc. Cogn. Affect. Neurosci.

2022, 17, 172–186. [CrossRef] [PubMed]
87. Gao, T.Y.; Han, X.C.; Bang, D.; Han, S.H. Cultural differences in neurocognitive mechanisms underlying believing. Neuroimage

2022, 250, 118954. [CrossRef] [PubMed]
88. von Suchodoletz, A.; Hepach, R. Cultural values shape the expression of self-evaluative social emotions. Sci. Rep. 2021, 11, 1369.

[CrossRef] [PubMed]
89. Qu, Y.; Jorgensen, N.A.; Telzer, E.H. A Call for Greater Attention to Culture in the Study of Brain and Development.

Perspect. Psychol. Sci. 2021, 16, 275–293. [CrossRef]
90. Richerson, P.J.; Boyd, R. Not by Genes Alone: How Culture Transformed Human Evolution; University of Chicago Press: Chicago, IL,

USA, 2005.
91. Hari, R.; Henriksson, L.; Malinen, S.; Parkkonen, L. Centrality of social interaction in human brain function. Neuron 2015, 88,

181–193. [CrossRef] [PubMed]
92. Raichle, M.E. The Brain’s Default Mode Network. Annu. Rev. Neurosci. 2015, 38, 433–447. [CrossRef] [PubMed]
93. Smallwood, J.; Bernhardt, B.C.; Leech, R.; Bzdok, D.; Jefferies, E.; Margulies, D.S. The default mode network in cognition:

A topographical perspective. Nat. Rev. Neurosci. 2021, 22, 503–513. [CrossRef]
94. O‘Doherty, J.P.; Lee, S.W.; Tadayonnejad, R.; Cockburn, J.; Iigaya, K.; Charpentier, C.J. Why and how the brain weights

contributions from a mixture of experts. Neurosci. Biobehav. Rev. 2021, 123, 14–23. [CrossRef]
95. Sharot, T.; Sunstein, C.R. How people decide what they want to know. Nat. Hum. Behav. 2020, 4, 14–19. [CrossRef]
96. LeDoux, J.E. As soon as there was life, there was danger: The deep history of survival behaviours and the shallower history of

consciousness. Philos. Trans. R. Soc. B 2022, 377, 20210292. [CrossRef]
97. Cisek, P. Evolution of behavioural control from chordates to primates. Philos. Trans. R. Soc. B 2022, 377, 20200522. [CrossRef]
98. Snell-Rood, E.; Snell-Rood, C. The developmental support hypothesis: Adaptive plasticity in neural development in response to

cues of social support. Philos. Trans. R. Soc. B 2020, 375, 20190491. [CrossRef]
99. Kanaev, I.A. Evolutionary origin and the development of consciousness. Neurosci. Biobehav. Rev. 2022, 133, 104511. [CrossRef]
100. Tavoni, G.; Doi, T.; Pizzica, C.; Balasubramanian, V.; Gold, J.I. Human inference reflects a normative balance of complexity and

accuracy. Nat. Hum. Behav. 2022, 6, 1153–1168. [CrossRef] [PubMed]
101. Su, Q.; McAvoy, A.; Mori, Y.; Plotkin, J.B. Evolution of prosocial behaviours in multilayer populations. Nat. Hum. Behav. 2022, 6,

338–348. [CrossRef]
102. Alu, F.; Miraglia, F.; Orticoni, A.; Judica, E.; Cotelli, M.; Rossini, P.M.; Vecchio, F. Approximate Entropy of Brain Network in the

Study of Hemispheric Differences. Entropy 2020, 22, 1220. [CrossRef] [PubMed]
103. Luppi, A.I.; Craig, M.M.; Pappas, I.; Finoia, P.; Williams, G.B.; Allanson, J.; Pickard, J.D.; Owen, A.M.; Naci, L.; Menon, D.K.; et al.

Consciousness-specific dynamic interactions of brain integration and functional diversity. Nat. Comm. 2019, 10, 4616. [CrossRef]
[PubMed]

104. Burioka, N.; Miyata, M.; Cornelissen, G.; Halberg, F.; Takeshima, T.; Kaplan, D.T.; Suyama, H.; Endo, M.; Maegaki, Y.;
Nomura, T.; et al. Approximate entropy in the electroencephalogram during wake and sleep. Clin. EEG Neurosci. 2005, 36,
21–24. [CrossRef] [PubMed]

105. Volz, L.J.; Gazzaniga, M.S. Interaction in isolation: 50 years of insights from split-brain research. Brain 2017, 140, 2051–2060.
[CrossRef] [PubMed]

106. Fried, I. Neurons as will and representation. Nat. Rev. Neurosci. 2022, 23, 104–114. [CrossRef]
107. Padilla-Coreano, N.; Tye, K.M.; Zelikowsky, M. Dynamic influences on the neural encoding of social valence. Nat. Rev. Neurosci.

2022, 23, 535–550. [CrossRef]
108. Tonelli, G. Genesis: The Story of How Everything Began; Farrar, Straus and Giroux: New York, NY, USA, 2021.
109. Kauffman, S.A. A World Beyond Physics: The Emergence and Evolution of Life; Oxford University Press: Oxford, UK, 2019.
110. Richerson, P.J.; Gavrilets, S.; de Waal, F.B.M. Modern theories of human evolution foreshadowed by Darwin’s Descent of Man.

Science 2021, 372, eaba3776. [CrossRef]
111. Schrödinger, E. What Is Life? & Mind and Matter; Cambridge University Press: Cambridge, UK, 1974.
112. Anokhin, P.K. Selected Works. Philosophical Aspects of the Theory of Functional Systems; Science: Moscow, Russia, 1978.

http://doi.org/10.1097/WNR.0000000000001362
http://doi.org/10.1016/j.pnpbp.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/29953934
http://doi.org/10.1038/s41562-019-0743-y
http://doi.org/10.1057/s41599-021-00857-z
http://doi.org/10.1093/scan/nsab080
http://www.ncbi.nlm.nih.gov/pubmed/34160613
http://doi.org/10.1016/j.neuroimage.2022.118954
http://www.ncbi.nlm.nih.gov/pubmed/35093520
http://doi.org/10.1038/s41598-021-92652-8
http://www.ncbi.nlm.nih.gov/pubmed/34162979
http://doi.org/10.1177/1745691620931461
http://doi.org/10.1016/j.neuron.2015.09.022
http://www.ncbi.nlm.nih.gov/pubmed/26447580
http://doi.org/10.1146/annurev-neuro-071013-014030
http://www.ncbi.nlm.nih.gov/pubmed/25938726
http://doi.org/10.1038/s41583-021-00474-4
http://doi.org/10.1016/j.neubiorev.2020.10.022
http://doi.org/10.1038/s41562-019-0793-1
http://doi.org/10.1098/rstb.2021.0292
http://doi.org/10.1098/rstb.2020.0522
http://doi.org/10.1098/rstb.2019.0491
http://doi.org/10.1016/j.neubiorev.2021.12.034
http://doi.org/10.1038/s41562-022-01357-z
http://www.ncbi.nlm.nih.gov/pubmed/35637296
http://doi.org/10.1038/s41562-021-01241-2
http://doi.org/10.3390/e22111220
http://www.ncbi.nlm.nih.gov/pubmed/33286988
http://doi.org/10.1038/s41467-019-12658-9
http://www.ncbi.nlm.nih.gov/pubmed/31601811
http://doi.org/10.1177/155005940503600106
http://www.ncbi.nlm.nih.gov/pubmed/15683194
http://doi.org/10.1093/brain/awx139
http://www.ncbi.nlm.nih.gov/pubmed/29177496
http://doi.org/10.1038/s41583-021-00543-8
http://doi.org/10.1038/s41583-022-00609-1
http://doi.org/10.1126/science.aba3776


Entropy 2023, 25, 418 17 of 18

113. Jekely, G. The chemical brain hypothesis for the origin of nervous systems. Philos. Trans. R. Soc. B 2021, 376, 20190761. [CrossRef]
114. Puscian, A.; Bryksa, A.; Kondrakiewicz, L.; Kostecki, M.; Winiarski, M.; Knapska, E. Ability to share emotions of others as a

foundation of social learning. Neurosci. Biobehav. Rev. 2022, 132, 23–36. [CrossRef]
115. Popiel, N.J.M.; Khajehabdollahi, S.; Abeyasinghe, P.M.; Riganello, F.; Nichols, E.S.; Owen, A.M.; Soddu, A. The emergence of

integrated information, complexity, and ‘consciousness’ at criticality. Entropy 2020, 22, 339. [CrossRef] [PubMed]
116. Prigogine, I.; Stengers, I. Order out of Chaos: Man‘s New Dialogue with Nature; Flamingo: Temecula, CA, USA, 1984.
117. Wang, R. Yinyang: The Way of Heaven and Earth in Chinese Thought and Culture. Cambridge University Press: Cambridge,

UK, 2012.
118. Jékely, G.; Godfrey-Smith, P.; Keijzer, F. Reafference and the origin of the self in early nervous system evolution. Philos. Trans. R.

Soc. B 2021, 376, 20190764. [CrossRef] [PubMed]
119. Suryanarayana, S.M.; Robertson, B.; Grillner, S. The neural bases of vertebrate motor behaviour through the lens of evolution.

Philos. Trans. R. Soc. B 2022, 377, 20200521. [CrossRef] [PubMed]
120. Liden, W.H.; Phillips, M.L.; Herberholz, J. Neural control of behavioural choice in juvenile crayfish. Proc. R. Soc. B-Biol. Sci.

2010, 277, 3493–3500. [CrossRef] [PubMed]
121. Wan, K.Y.; Jekely, G. Origins of eukaryotic excitability. Philos. Trans. R. Soc. B 2021, 376, 20190758. [CrossRef]
122. Lyon, P.; Keijzer, F.; Arendt, D.; Levin, M. Reframing cognition: Getting down to biological basics. Philos. Trans. R. Soc. B 2021,

376, 20190750. [CrossRef]
123. Bryer, M.A.H.; Koopman, S.E.; Cantlon, J.F.; Piantadosi, S.T.; MacLean, E.L.; Baker, J.M.; Beran, M.J.; Jones, S.M.; Jordan, K.E.;

Mahamane, S.; et al. The evolution of quantitative sensitivity. Philos. Trans. R. Soc. B 2022, 377, 20200529. [CrossRef]
124. Bechtel, W.; Bich, L. Grounding cognition: Heterarchical control mechanisms in biology. Philos. Trans. R. Soc. B 2021, 376,

20190751. [CrossRef]
125. Schaap, P. From environmental sensing to developmental control: Cognitive evolution in dictyostelid social amoebas.

Philos. Trans. R. Soc. B 2021, 376, 20190756. [CrossRef] [PubMed]
126. Wielgoss, S.; Wolfensberger, R.; Sun, L.; Fiegna, F.; Velicer, G.J. Social genes are selection hotspots in kin groups of a soil microbe.

Science 2019, 363, 1342–1345. [CrossRef] [PubMed]
127. Pen, I.; Flatt, T. Asymmetry, division of labour and the evolution of ageing in multicellular organisms. Philos. Trans. R. Soc. B

2021, 376, 20190729. [CrossRef] [PubMed]
128. Pusceddu, M.; Cini, A.; Alberti, S.; Salaris, E.; Theodorou, P.; Floris, I.; Satta, A. Honey bees increase social distancing when facing

the ectoparasite Varroa destructor. Sci. Adv. 2021, 7, eabj1398. [CrossRef]
129. Turner, L. Emotional bonds: Bridging the gap between evolutionary and humanistic accounts of religious belief. Arch. Psychol. Relig.

2020, 42, 6–28. [CrossRef]
130. Hrdy, S.B.; Burkart, J.M. The emergence of emotionally modern humans: Implications for language and learning. Philos. Trans. R.

Soc. B 2020, 375, 20190499. [CrossRef]
131. Tomasello, M. The adaptive origins of uniquely human sociality. Philos. Trans. R. Soc. B 2020, 375, 20190493. [CrossRef]
132. Richerson, P.J.; Boyd, R. The human life history is adapted to exploit the adaptive advantages of culture. Philos. Trans. R. Soc. B

2020, 375, 20190498. [CrossRef] [PubMed]
133. Uomini, N.; Fairlie, J.; Gray, R.D.; Griesser, M. Extended parenting and the evolution of cognition. Philos. Trans. R. Soc. B

2020, 375, 20190495. [CrossRef]
134. Gurven, M.; Davison, R.J.; Kraft, T. The optimal timing of teaching and learning across the life course. Philos. Trans. R. Soc. B

2020, 375, 20190500. [CrossRef] [PubMed]
135. Strassberg, S.S.; Creanza, N. Cultural evolution and prehistoric demography. Philos. Trans. R. Soc. B 2021, 376, 20190713.

[CrossRef]
136. Deffner, D.; McElreath, R. The importance of life history and population regulation for the evolution of social learning.

Philos. Trans. R. Soc. B 2020, 375, 20190492. [CrossRef] [PubMed]
137. Du, M.; Parkinson, C. Navigating social knowledge. Nat. Neurosci. 2021, 24, 1195–1197. [CrossRef] [PubMed]
138. O’Madagain, C.; Tomasello, M. Joint attention to mental content and the social origin of reasoning. Synthese 2021, 198, 4057–4078.

[CrossRef]
139. Mammen, M.; Koeymen, B.; Tomasello, M. Young children’s moral judgments depend on the social relationship between agents.

Cogn. Dev. 2021, 57, 100973. [CrossRef]
140. Li, L.; Britvan, B.; Tomasello, M. Young children conform more to norms than to preferences. PLoS ONE 2021, 16, e0251228.

[CrossRef]
141. Kanaev, I.A.; Dryaeva, E.D. Evolutionary Approach to Consciousness in Modern Philosophy and Interdisciplinary Studies.

Vop. Filos. 2022, 2, 106–116. [CrossRef]
142. Prinz, W. Seeing some one. Front. Psychol. 2018, 9, 1747. [CrossRef]
143. Antón, S.C.; Potts, R.; Aiello, L.C. Human evolution. Evolution of early Homo: An integrated biological perspective. Science

2014, 345, 1236828. [CrossRef]
144. Callaway, E. Oldest human DNA reveals recent Neanderthal mixing. Nature 2021, 592, 339. [CrossRef]
145. Vaesen, K.; Scherjon, F.; Hemerik, L.; Verpoorte, A. Inbreeding, Allee effects and stochasticity might be sufficient to account for

Neanderthal extinction. PLoS ONE 2019, 14, e0225117. [CrossRef]

http://doi.org/10.1098/rstb.2019.0761
http://doi.org/10.1016/j.neubiorev.2021.11.022
http://doi.org/10.3390/e22030339
http://www.ncbi.nlm.nih.gov/pubmed/33286113
http://doi.org/10.1098/rstb.2019.0764
http://www.ncbi.nlm.nih.gov/pubmed/33550954
http://doi.org/10.1098/rstb.2020.0521
http://www.ncbi.nlm.nih.gov/pubmed/34957847
http://doi.org/10.1098/rspb.2010.1000
http://www.ncbi.nlm.nih.gov/pubmed/20554556
http://doi.org/10.1098/rstb.2019.0758
http://doi.org/10.1098/rstb.2019.0750
http://doi.org/10.1098/rstb.2020.0529
http://doi.org/10.1098/rstb.2019.0751
http://doi.org/10.1098/rstb.2019.0756
http://www.ncbi.nlm.nih.gov/pubmed/33487113
http://doi.org/10.1126/science.aar4416
http://www.ncbi.nlm.nih.gov/pubmed/30898932
http://doi.org/10.1098/rstb.2019.0729
http://www.ncbi.nlm.nih.gov/pubmed/33678014
http://doi.org/10.1126/sciadv.abj1398
http://doi.org/10.1177/0084672420909436
http://doi.org/10.1098/rstb.2019.0499
http://doi.org/10.1098/rstb.2019.0493
http://doi.org/10.1098/rstb.2019.0498
http://www.ncbi.nlm.nih.gov/pubmed/32475331
http://doi.org/10.1098/rstb.2019.0495
http://doi.org/10.1098/rstb.2019.0500
http://www.ncbi.nlm.nih.gov/pubmed/32475325
http://doi.org/10.1098/rstb.2019.0713
http://doi.org/10.1098/rstb.2019.0492
http://www.ncbi.nlm.nih.gov/pubmed/32475333
http://doi.org/10.1038/s41593-021-00900-x
http://www.ncbi.nlm.nih.gov/pubmed/34465914
http://doi.org/10.1007/s11229-019-02327-1
http://doi.org/10.1016/j.cogdev.2020.100973
http://doi.org/10.1371/journal.pone.0251228
http://doi.org/10.21146/0042-8744-2022-2-106-116
http://doi.org/10.3389/fpsyg.2018.01747
http://doi.org/10.1126/science.1236828
http://doi.org/10.1038/d41586-021-00916-0
http://doi.org/10.1371/journal.pone.0225117


Entropy 2023, 25, 418 18 of 18

146. Read, D.W. Working Memory: A Cognitive Limit to Non-Human Primate Recursive Thinking Prior to Hominid Evolution.
Evol. Psychol. 2008, 6, 676–714. [CrossRef]

147. Dunbar, R.I.M.; Shultz, S. Social complexity and the fractal structure of group size in primate social evolution. Biol. Rev. 2021, 96,
1889–1906. [CrossRef] [PubMed]

148. Dunbar, R.I.M. Religion, the social brain and the mystical stance. Arch. Psychol. Relig. 2020, 42, 46–62. [CrossRef]
149. Pettitt, P. Hominin evolutionary thanatology from the mortuary to funerary realm: The palaeoanthropological bridge between

chemistry and culture. Philos. Trans. R. Soc. B 2018, 373, 20180212. [CrossRef] [PubMed]
150. Pettitt, P.; Anderson, J.R. Primate thanatology and hominoid mortuary archeology. Primates 2020, 61, 9–19. [CrossRef]
151. Han, S.; Northoff, G.; Vogeley, K.; Wexler, B.E.; Kitayama, S.; Varnum, M.E. A cultural neuroscience approach to the biosocial

nature of the human brain. Annu. Rev. Psychol. 2013, 64, 335–359. [CrossRef]
152. Han, S.H.; Northoff, G. Culture-sensitive neural substrates of human cognition: A transcultural neuroimaging approach.

Nat. Rev. Neurosci. 2008, 9, 646–654. [CrossRef] [PubMed]
153. Han, S. Neurocognitive Basis of Racial Ingroup Bias in Empathy. Trends Cogn. Sci. 2018, 22, 400–421. [CrossRef] [PubMed]
154. Zmigrod, L.; Tsakiris, M. Computational and neurocognitive approaches to the political brain: Key insights and future avenues

for political neuroscience. Philosop Philos. Trans. R. Soc. B 2021, 376, 20200130. [CrossRef]
155. Bélanger, J.J. The sociocognitive processes of ideological obsession: Review and policy implications. Philos. Trans. R. Soc. B

2021, 376, 20200144. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1177/147470490800600413
http://doi.org/10.1111/brv.12730
http://www.ncbi.nlm.nih.gov/pubmed/33945202
http://doi.org/10.1177/0084672419900547
http://doi.org/10.1098/rstb.2018.0212
http://www.ncbi.nlm.nih.gov/pubmed/30012742
http://doi.org/10.1007/s10329-019-00769-2
http://doi.org/10.1146/annurev-psych-071112-054629
http://doi.org/10.1038/nrn2456
http://www.ncbi.nlm.nih.gov/pubmed/18641669
http://doi.org/10.1016/j.tics.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29563059
http://doi.org/10.1098/rstb.2020.0130
http://doi.org/10.1098/rstb.2020.0144
http://www.ncbi.nlm.nih.gov/pubmed/33612004

	Introduction 
	Methods of Studying Consciousness in Contemporary Science 
	Global Connectivity, Integration of a System, and Cognitive Abilities 
	Time, Rhythms, and Sustainability of a System 
	The Temporospatial Framework for Studying Neural Systems 

	Results of Considering Subjective Reality within the Evolutionary Framework 
	Sustainability of Regular Changes and Linear Evolution of a System 
	Increasing Complexity of the System from the Organism and Up to the Society 
	Human Society and Transformation of the Reality 

	Discussion of the Research Limitations and New Vistas 
	Conclusions 
	References

